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Noninvasive assessment was undertaken before hospital
discharge in 210 patients who had recovered from acute
myocardial infarction. This comprised signal-averaged
electrocardiography, Holter monitoring and radio-
nuclide left ventriculography. An abnormal signal-av-
eraged electrocardiogram was defined as the presence
of a low voltage signal less than 20 ILV in the terminal
40 ms of the filtered QRS complex or a long filtered QRS
complex> 120ms. During a follow-upperiod of6 months
to 2 years (median 14 months), 15 patients had ar-
rhythmic events: eight died suddenly and seven pre-
sented with sustained, symptomatic ventricular tachy-
cardia. Using univariate analysis, abnormalities in each
of the three noninvasive tests were able to predict ar-
rhythmic events.
Stepwise logistic regression demonstrated that each
The primary mechanism of sudden death occurring after
recovery from myocardial infarction is thought to be ven-
tricular tachycardia or fibrillation (1 ,2). Several noninvasive
methods have been utilized in an attempt to reliably predict
which patients are at risk of developing these arrhythmias.
These have included Holter monitoring, radionuclide ven-
triculography, exercise testing and various clinical indexes
either singly or in combination (3-8).
Using signal amplification and computerized averaging
techniques, patients with ventricular tachycardia can be
identified by the demonstration of low amplitude, high fre-
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test was independently significant in predicting outcome,
with a left ventricular ejection fraction <40% being the
most powerful variable (13 =2.8, p < 0.005). This pro-
cess generated an algorithm that allowed assessment of
combinations of variables: the finding of an abnormal
signal-averaged electrocardiogram in the presence of an
ejection fraction <40% identified patients with a 34%
probability of arrhythmic events. By contrast, in pa-
tients with left ventricular dysfunction but a normal sig-
nal-averaged tracing, the risk of arrhythmic events was
4% (p < 0.001). This combination of variables was as-
sociated with a sensitivity of 80% and a specificity of
89%. Hence, using a combination of noninvasive tests
after myocardial infarction, patients can be stratified
according to risk of serious arrhythmic events.
(J Am Coil Cardiol1987;9:531-8)
quency "late potentials" (9-12). These signals are thought
to represent regional slow conduction in the border zone of
infarction, which is the presumed arrhythmic substrate
( 13-15). This technique is attractive because it is nonin-
vasive and inexpensive to perform. However, it has had
limited application as a predictor of future ventricular ar-
rhythmias after recovery from myocardial infarction; pre-
liminary evidence has suggested that late potentials have a
high prevalence in patients with recent myocardial infarction
and therefore lack specificity (16-18). In a retrospective
assessment of patients studied late after myocardial infarc-
tion (19), patients with ventricular tachycardia were best
characterized by the combination of findings on signal-
averaged electrocardiography and abnormalities on Holter
monitoring and cardiac catheterization.
The purpose of this study was to determine whether a
combination of findings from signal-averaged electrocardi-
ography, Holter monitoring and radionuclide ventriculog-
raphy, performed early after recovery from acute infarction,
could accurately predict which patients were likely to de-
velop sustained ventricular tachycardia or sudden death.
0735-1097/87/$3.50
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Figure 1. Signal-averaged electrocardiogram recordedduring si-
nus rhythm in a normal subject (left), and in a patient who had
previously documented ventricular tachycardia after myocardial
infarction (right). There is a long, low, late amplitude signal
(arrow) at the end of the filtered QRS complex in the patient with
a history of ventricular tachycardia.
Lown grading system (3). Complex ventricular ectopic ac-
tivity was defined as the presence of Lown grade 3 to 5
ventricular premature complexes; frequent ventricular ec-
topic activity was defined as 10 or more premature com-
plexes/h. Nonsustained ventricular tachycardia was defined
as three or more consecutive ventricular premature com-
plexes with a rate greater than 120/min (Lown grade 4b).
Left ventriculography. Left ventricular ejection frac-
tion was assessed by radionuclide ventriculography before
hospital discharge in 176 patients and by single plane cine-
angiography in 34 who underwent coronary angiography.
Left ventricular aneurysm was defined as the presence of
regional paradoxic systolic wall motion.
Follow-up and study end points. Patients were recalled
for clinical reassessment at regular intervals up to 2 years
after hospital discharge. All patients were followed up for
a minimum of6 months (median 14 months). When a patient
died, an eyewitness account was sought. Autopsy was per-
formed where possible. An arrhythmic event was defined
as sudden unexpected death or occurrence of symptomatic
or sustained ventricular arrhythmia. Sustained ventricular
arrhythmia was defined as spontaneous ventricular tachy-
cardia or fibrillation lasting more than 30 seconds or ne-
cessitating cardioversion because of hemodynamic collapse.
This definition was also used to include patients who sub-
Study patients. Two hundred ten consecutive patients
presenting with acute myocardial infarction were studied
prospectively. These patients, who had survived the hospital
phase of recovery, were primary admissions to the coronary
care unit between March 1984 and September 1985. Age
more than 72 years and residence outside the metropolitan
area were the only criteria for exclusion. The diagnosis of
acute infarction was based on the occurrence of prolonged
chest pain compatible with ischemia, serial elevation of
serum cardiac enzyme (creatine kinase [CK]-MB) levels and
evolving electrocardiographic changes consistent with Q wave
or non-Q wave infarction.
Signal-averaged electrocardiogram. All patients
underwent signal-averaged electrocardiography before hos-
pital discharge II ± 6 days (range 7 to 40) after initial
presentation. Most tests were done before day 14 and were
coordinated to occur within 48 hours of Holter monitoring
and left ventriculography. One patient's signal-averaged re-
cording was delayed until day 40 because he was treated
with intraaortic balloon pumping for cardiac failure for 2
weeks.
Signal-averaged electrocardiography was performed us-
ing the Arrhythmia Research Technology high resolution
electrocardiogram based on methods previously described
by Simson (9) and Denes et al. (II). The electrocardiogram
was recorded during sinus rhythm using standard bipolar
orthogonal leads X, Y and Z in an unshielded room. Signals
from 200 to 300 beats were amplified, digitized, averaged
and then filtered with a bidirectional filter with a high band-
pass frequency of 40 Hz. The use of this filter eliminates
the artifact of filter ringing seen with commonly used digital
filters (9). The filtered leads were combined into a vector
magnitude, Vx2+ y2+Z2, a measure of the high frequency
content from all three leads (Fig. I). The amplitude of
signals (expressed as root mean square voltage) in the last
40 ms of the filtered QRS complex and the duration of this
complex were determined by computer algorithm. In pre-
vious studies (9,11,15), abnormalities of each of these vari-
ables were found to identify patients with ventricular tachy-
cardia. Therefore, these variables were used in this study
to define abnormal signal-averaged electrocardiographic
tracings: a low voltage signal «20 f.LV) in the last 40 ms
of the filtered QRS complex, also termed' 'late potential,"
and a long filtered QRS complex (> 120 ms) were considered
abnormal. Patients with bundle branch block on the standard
electrocardiogram were not considered in the analysis of the
signal-averaged tracing.
Holter monitoring. Twenty-four hour ambulatory Hol-
ter electrocardiographic recordings were obtained within 48
hours of signal-averaged electrocardiography. Analysis was
performed using a standard recorder (Del Mar Avionics),
and ventricular arrhythmias were classified according to the
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sequentlypresentedwith witnessed syncopeand were found
to have inducible sustained ventricular tachycardia at elec-
trophysiologic study (using a protocol of a maximum of two
right ventricularextrastimuli at two drive cycle lengths), in
the absenceof other identifiable causes for syncope. Sudden
death was defined as witnessed death within I hour of the
onset of symptoms in a clinically stable patient, or unex-
pected death occurring during sleep. Patients in whom
electrocardiographic monitoring performedwhilethe patient
was dying revealed a primary arrhythmia other than ven-
tricular tachycardiaor fibrillation were not classified as hav-
ing an arrhythmic event.
Treatment was not standardized in this study and was
left to the discretion of attending physicians. The results of
signal-averaged electrocardiography were not disclosed.
Statistical analysis. Data analysis was performedusing
Student's t test, and the chi-square method where appro-
priate. Data were expressed as mean ± I SO unless oth-
erwise specified. Stepwise logistic regression (20) was used
to determine the prognostic significance of abnormal results
on signal-averaged electrocardiography and Holter moni-
toring and of left ventricular dysfunction simultaneously.
This technique determines which variables are indepen-
dently significant and ranks them by assigning coefficients
((3)to them. Anequationis generatedthat allowsassessment
of risk for an individual patient based on the results of this
analysis, such that the probability of an arrhythmic event is
elogit y
P(AE) = -I-+-e-l"~-'it-y
where logit y
For a given variable x, the larger the value of {3, the
more it influences the predictedprobability of an arrhythmic
event. Sensitivity is the percent of patients who had both
an arrhythmic event and an abnormal test result; specificity
is the percent of patients who did not have an arrhythmic
event and had a negativetest result. The odds ratiodescribes
the risk of an event if a test variable is abnormal relative
to the risk if the variable is normal. The positive predictive
valuewasdefined as the percentof patientswithan abnormal
test who later developed an arrhythmic event.
Results
Description of study patients (Table 1). Of the 210
patientsentering this study, 76 had an anterior wall infarct,
69 an inferior wall infarct and the remaining 55 a suben-
docardial (non-Q wave) infarct. Ten additional patients had
bundle branch block on standard electrocardiography. Dur-
ing the 14 month median follow-up period, there were eight
sudden deaths and seven patients presented with sustained
symptomatic ventriculartachycardia. The meancycle length
of ventricular tachycardia was 368 ± 33 ms (rate 164 ±
14 beats/min). In three patients, this arrhythmia was asso-
ciated with syncope, in one patient it was incessant and led
to progressive cardiogenic shock in 72 hours and in three
patientsit waswell tolerated. Allarrhythmic eventsoccurred
within 6 months of hospital discharge (mean 1.6 ± 0.2,
range 0.5 to 4). Only one of these seven patients with
organized ventricular tachycardia had been taking an anti-
arrhythmic medication (quinidine sulfate) because of prior
documented complex ventricular ectopic activity; two pa-
Table 1. Clinical and Study Characteristics of 220 Patients With and Without
Arrhythmic Events
Clinical data
Age (yr)
Men
Anterior Ml
Transmural MI
Killip class III-IV
Peak CK-MB (Il.l/liter)
Signal averaged ECG (n = 200)
Abnormal tracing
Voltage for last 40 ms (MV)
Filtered QRS (ms)
Holter/monitoring (n = 206)
~10 VPCs/h
Lown grade 3-5
Left ventriculography (n = 210)
LVEF <40%
Aneurysm
Arrhythmic Event
(n = 15)
65 ± 5
II
8
12
4
157 ± 75
13
10.2 ± 8.0
126 ± 14
I
II
13
3
No Arrhythmic Event
(n = 195)
58 ± 10
152
68
134
17
102 ± 88
65
33.5 ± 23.9
105 ± 12
14
62
51
60
p Value
NS
NS
NS
NS
NS
<0.001
<0.001
<0.001
<0.001
NS
<0.005
<0.001
NS
CK-MB = creatine kinase-MB fraction; ECG = electrocardiogram; LVEF = left ventricular ejection
fraction; MI = myocardial infarction; VPCs = ventricular premature complexes.
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tients, who died suddenly, were also taking a type I agent.
In addition, 13 patients had recurrent myocardial infarction,
and coronary revascularization was performed in 35 pa-
tients. Clinical characteristics comparing patients with and
without arrhythmic events are summarized in Table I. Pa-
tients who had an arrhythmic event were noted to have
significantly higher peak serum creatine kinase values.
Signal-averaged electrocardiography. Of the 210 pa-
tients entered into the study, IO had bundle branch block
and were not analyzed by the signal-averaging technique.
Seventy-eight patients (39%, group I) had an abnormal sig-
nal-averaged electrocardiogram: of these, 76 had a late po-
tential and 27 had a long filtered QRS complex. The re-
maining 122 patients (group II) had a normal tracing. Clinical
characteristics of patients according to the findings on sig-
nal-averaged electrocardiography are illustrated in Table 2.
Group I patients tended to have higher peak CK values and
more often had inferior transmural infarction. There was a
tendency for group II patients to be treated with a beta-
receptor blocker after hospital discharge, and these patients
were more likely to subsequently undergo coronary artery
bypass surgery (Table 2). Empiric antiarrhythmic therapy
was prescribed equally in each group of patients. Nine pa-
tients (5% of the study group) were taking an antiarrhythmic
agent at the time of signal-averaged electrocardiography
because of atrial arrhythmias or the occurrence of complex
ventricular ectopic activity in the coronary care unit: one
patient was taking amiodarone and the remaining eight were
receiving a type I antiarrhythmic agent. The rate of recurrent
myocardial infarction was similar in both groups (3% in
group I versus 7% in group II).
Thirteen patients (17%) in group 1 had an arrhythmic
event (six patients died suddenly, including three with doc-
umented ventricular fibrillation, and seven had spontaneous
ventricular tachycardia), compared with one patient (I %)
in group II with a normal tracing (odds ratio 23.6, p <
0.001); this latter patient was witnessed to die suddenly,
but no electrocardiographic monitoring was available. One
additional patient, who died suddenly, had bundle branch
block and was excluded from analysis. The finding of a late
potential (irrespective of the filtered QRS duration) identi-
fied 93% of patients with an arrhythmic event, with a spec-
ificity of 65% and predictive value of 17%. The specificity
of an abnormal signal-averaged electrocardiogram rose to
90% when both a late potential and a long filtered QRS
complex were found; this combined abnormality had a pos-
itive predictive value of 28%, but it identified only 50% of
patients with an arrhythmic event. Voltage in the last 40
ms of the QRS complex was significantly lower in patients
with an arrhythmic event (10.2 ± 8.0 versus 33.5 ± 23.1
/-LV, P < 0.001) and filtered QRS duration was longer in
these patients (126 ± 20 versus 105 ± 12 ms, p < 0.001)
than in patients without an arrhythmic event.
Holter monitoring. A suitable 24 hour Holter electro-
cardiographic tracing was obtained from 206 patients. Com-
plex ventricular ectopic rhythm was recorded in 73 patients
(35%); of these, 8 had nonsustained ventricular tachycardia.
In addition, 15 patients had frequent ventricular premature
complexes. Complex ventricular premature complexes were
more commonly found in patients with an arrhythmic event:
71% of patients with an arrhythmic event had complex ec-
topic activity compared with 32% of patients who were
event-free (p < 0.005). The incidence of arrhythmic events
in patients with complex ventricular ectopic activity was
13% (odds ratio 4.3, p < 0.05). However, the solitary
finding of either nonsustained ventricular tachycardia or fre-
quent unimorphic ventricular premature complexes failed to
identify patients with an arrhythmic event.
Left ventriculography. Sixty-four patients (30%) had
a left ventricular ejection fraction <40%, and 63 had a left
ventricular aneurysm. The incidence of arrhythmic events
among patients with an ejection fraction <40% was 20%
Table 2. Clinical Features of 220 Patients With a Normal (Group II) or Abnormal (Group I)
Signal-Averaged Electrocardiogram
Group I (n = 78) Group II (n = 122) P Value
Clinical
Age (yr) 59 ± 9 58 ± 10 NS
Men 67 96 NS
Anterior MI 25 52 <0.01
Transmural MI 65 76 NS
Killip class III-IV 9 12 NS
Peak CK-MB (IUlliter) 134 ± 88 92 ± 86 <0.001
LVEF(%) 43 ± 13 49 ± 13 <0.001
Treatment
Streptokinase 7 12 NS
Beta-blocker 21 58 <0.005
Antiarrhythmic 5 4 NS
Coronary artery bypass grafting 6 29 <0.005
Abbreviations as in Table I.
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Abnormal signal-averaged ECG*
Left ventricular ejection fraction <40%
Complex ventricular ectopic activityt
No. of Patients
With Abnormality
78
64
73
Odds Ratio
23.6
17.9
7.6
2.0
2.8
1.5
p Value
0.01
<0.005
0.04
*Voltage in the last 40 ms of the filtered QRS <20 JJ-V or filtered QRS duration> 120 ms, or both; tLown
grade III-V ventricular arrhythmia.
(odds ratio 17.9, p < 0.001). Only three patients with a
left ventricular aneurysm had an arrhythmic event at follow-
up. Ninety-two percent of patients with an arrhythmic event
had an ejection fraction <40% compared with 26% of those
who were event-free (p < 0.001).
Predictors of arrhythmic events (Table 3). Stepwise
logistic regression was used to construct a model for pre-
dicting arrhythmic events using three variables: abnormal
signal-averaged electrocardiogram, complex ventricular ec-
topic activity on Holter monitoring and a left ventricular
ejection fraction <40%. All three variables were found to
be independently significant with the ejection fraction being
the most powerful variable in the model ({3 = 2.8, p <
0.005). Because of the independent nature of these vari-
ables, combinations of variables were then evaluated.
Figure 2. Predictive value of signal-averaged electrocardiography
and Holter monitoring. Column bars, Probability of an arrhythmic
event depending on whether each of the test variables was present
(+ ) or absent (-). Lown III-V = complex ventricular ectopic
activity (according to Lown grading 3-5) on Holter monitoring:
LP = abnormal signal-averaged electrocardiogram (includes the
finding of a low voltage signal «20 J.LV) in the last 40 ms of the
filtered QRS or a long filtered QRS).
Signal-averaged electrocardiography and Holter
monitoring (Fig. 2). No arrhythmic events occurred in
patients with a normal signal-averaged electrocardiogram
who also had no evidence of complex ventricular ectopic
activity. The presence of either an abnormal signal-averaged
electrocardiogram or complex ectopic activity without the
other variable was associated with a low probability (3 to
6%) of an arrhythmic event. The combination of these two
variables, however, was associated with a 31% incidence
of arrhythmic events. The sensitivity of this combined vari-
able was 65% and the specificity was 89%.
Signal-averaged electrocardiography and left ventric-
ulography (Fig. 3). Two hundred patients had both of these
studies. Patients with a normal signal-averaged electrocar-
diogram and left ventricular ejection fraction >40% did not
have an arrhythmic event. The presence of either an ab-
normal signal-averaged electrocardiogram or an ejection
fraction <40% without the other was associated with a 4%
probability of an arrhythmic event. The combination, how-
Figure 3. Predictive value of abnormal signal-averaged electro-
cardiogram (LP) and left ventricular ejection fraction (LVEF) <40%.
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ever, was associated with a 34% incidence rate of events
with a sensitivity of 80% and specificity of 89%.
Interrelation among signal-averaged electrocardiog-
raphy, Holter monitoring and left ventricular dysfunc-
tion. The prevalence of complex ventricular ectopic activity
was similar in patients with a normal signal-averaged elec-
trocardiogram and those with an abnormal tracing (34%
versus 37%, p = NS); but it was more often present in
patients with an ejection fraction <40% than in those with
good left ventricular function (48% versus 27%, p < 0.005).
Patients with an abnormal signal-averaged electrocardio-
gram were also more likely to have left ventricular dys-
function; 41% of patients with an abnormal signal-averaged
electrocardiogram had an ejection fraction <40%, compared
with 22% of patients with a normal signal-averaged elec-
trocardiogram (p < 0.01).
Discussion
Signal-averaged electrocardiography. This study ap-
plies several principles that have been recently documented
in patients with known ventricular tachycardia to a large
group of patients with recent myocardial infarction studied
in a prospective fashion. Signal-averaged electrocardiog-
raphy has been previously shown (9-15) to distinguish pa-
tients with from those without ventricular tachycardia, in
the setting of chronic ischemic heart disease. It has also
been shown (19,21) to identify patients with ventricular
tachycardia independent of the presence of left ventricular
dysfunction and the finding of complex ventricular ectopic
activity. Combinations of either of these variables with the
results of signal-averaged electrocardiography have been
shown (19) to improve ability to identify patients with ven-
tricular tachycardia. In the postinfarction patients described
in this study, the occurrence of sustained ventricular tachy-
cardia or sudden death was best predicted by the finding of
an abnormal signal-averaged electrocardiogram in the pres-
ence of significant left ventricular dysfunction.
One criticism of the use of signal-averaged electrocardi-
ography in predicting events after myocardial infarction is
the poor specificity of late QRS potentials; using several
other techniques, investigators (17,22,23) have reported their
presence in up to 50% of patients after acute infarction.
Gomes et al. (17) assessed the prognostic significance of
the finding of late potentials during the early postinfarction
period. The presence of a low voltage signal in the terminal
QRS complex identified patients with nonsustained and sus-
tained ventricular tachycardia during the late in-hospital pe-
riod. Breithardt et al. (23) found a relation between the
duration of low amplitude signals at the end of the filtered
QRS complex and the later incidence of spontaneous symp-
tomatic ventricular tachycardia. In their study, quantitation
of the terminal QRS voltage was not performed; this vari-
able, together with assessment of the total filtered QRS
duration, has been shown to best differentiate patients with
ventricular tachycardia from those without this arrhythmia
(9). For this reason, these two variables were used to attempt
to predict outcome. The finding of a late potential, defined
by voltage criteria, in addition to the finding of a long filtered
QRS complex, was a highly specific finding; however, only
one-half of the patients with an arrhythmic event had both
of these variables.
Some studies (16,21) have also suggested that the pres-
ence of late potentials and of complex ventricular ectopic
activity is related to the degree of left ventricular dysfunction
and to the extent of wall motion abnormalities. In our study,
however, multivariate analysis demonstrated the indepen-
dent nature of these variables in the prediction of serious
arrhythmic events during the first 6 months after hospital
discharge in patients with an otherwise uncomplicated course.
By combining the information from these investigations,
the specificity of an abnormal signal-averaged electrocar-
diogram became very high (89%). There is indeed a sci-
entific basis for this phenomenon. As proposed by Kanovsky
et al. (19), the finding of complex or frequent ventricular
ectopic activity identifies those patients likely to have a
"trigger" for the initiation of ventricular tachycardia, in the
presence of a defined electrical substrate, which is repre-
sented by the late potential. Because of the well known
variability of the frequency and complexity of ventricular
ectopic activity on day to day assessment (24), this relation
may have improved with longer periods of monitoring.
Left ventricular dysfunction. Patients with depressed
left ventricular function due to prior myocardial infarction,
especially those with a well defined left ventricular aneu-
rysm, have been shown to be the most likely candidates for
reentrant sustained ventricular tachycardia (19,25,26).
Therefore, it is not surprising that such patients will be more
likely to develop arrhythmic events during the first 6 months
after myocardial infarction. However, this study showed
that a relatively large group of patients have a very low
incidence of arrhythmic events, despite marked depression
of left ventricular function; these patients are characterized
by the absence of late potentials, which have been shown
to represent the substrate for reentrant ventricular arrhyth-
mias. Such patients are at no greater risk of ventricular
arrhythmias or sudden death than are patients with a normal
ejection fraction. Although left ventricular ejection fraction
was the most powerful predictor of arrhythmic outcome,
left ventricular dysfunction is generally not reversible. Be-
cause the late potential represents the presumed electrical
substrate for postinfarction ventricular tachycardia, therapy
specifically directed toward altering the electrical properties
of such tissue may be effective in influencing outcome.
Limitations. In addition to identifying an electrical sub-
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strate for a reentrant ventriculartachyarrhythrnia, it may be
important to consider the risk of recurrent ischemia, which
may also cause sudden death. A combination of exercise
testing and signal-averaged electrocardiography may be a
useful noninvasive meansof identifying the presumedmech-
anisms for sudden arrhythmic death in patients after infarc-
tion.
Although drug therapy was not controlled in this study,
the prevalence of empiric antiarrhythmic therapy was low,
and the attending physiciansdid not know the results of the
signal-averaged electrocardiogram. The greater tendency to
use of beta-blocker therapy and coronary artery bypass sur-
gery among patients with a normal signal-averaged electro-
cardiogram may be due to the generally lower incidence of
depressed left ventricular function in this group.
Clinical implications. Although several recent reports
(27-29), have suggested that patients at high risk for ar-
rhythmic events can be identified by their response to pro-
grammed ventricular stimulation, this is an invasive pro-
cedure and therefore not ideally suited as a screening test
in large numbers of patients with recent myocardial infarc-
tion. Noninvasive testing is obviously more desirable if it
can be shownto be comparativelyreliable. This studyshows
that with an assessment of three noninvasive variables, a
useful algorithm can be applied for identifying the risk of
individual patients after infarction. The combination of an
abnormal signal-averaged electrocardiogram and a left ven-
tricular ejection fraction <40% identified a very high risk
group of patients for the subsequent development of sudden
death or ventricular arrhythmias; such patients would be
ideallysuited for intervention trials with new antiarrhythmic
agents or antitachycardia devices.
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